The cyclotron maser instability is a well-known radiation emission mechanism responsible for radio emissions in magnetized planets and for laboratory microwave generation devices. The present paper discusses mechanisms and properties of cyclotron maser instability driven by a ring-beam distribution of energetic electrons with application to the quasiperpendicular collisionless shock. It is shown that the fast extraordinary and ordinary electromagnetic waves as well as slow upper-hybrid Z-mode are excited over a wide range of physical parameters. The implications of the present findings for actual applications including the coronal type II radio source are also discussed.
I. INTRODUCTION
Cyclotron maser instability is a well-known radiation emission mechanism with application for radio emissions in magnetized planets including the Earth's auroral kilometric radiation ͑AKR͒, 1 and for laboratory microwave generation devices. 2 The discovery of the cyclotron maser mechanism was independently made by Twiss, 3 Schneider, 4 and Gaponov. 5 Their idea was taken up by the laboratory community as an inspiration for the microwave generation mechanism, and the first successful microwave device called the gyrotron was constructed in the Soviet Union in the 1960s. For an excellent up-to-date introduction to the physics of gyrotrons, the reader is referred to the recent monograph by Nusinovich. 2 Although the idea of the electron cyclotron maser was known in the laboratory community for some time, the application of the concept to the natural space plasma environment was not made until the late 1970s when Wu and Lee provided the essential explanation for the Earth's AKR in terms of the cyclotron maser instability. 1 The research on the maser instability flourished in the 1980s, and as a result, detailed understanding of the cyclotron maser instability has been achieved. However, the interest in the subject is ongoing as recent publications testify. For instance, Farrell and Desch discuss the possible application of the maser instability to extrasolar planets; 6 Ergun et al. reinvestigate the AKR in light of the recent FAST satellite observation; 7 Pottelette et al. extend the traditional maser instability analysis to include the impact of the electron phase space holes in an effort to explain the fine structure emission; 8 Farrell proposes a direct O-mode maser as an alternative emission mechanism for type II radio bursts; 9 Vorgul et al. investigate the maser excitation in inhomogeneous cylindrical geometry; 10 Wu and co-workers recently proposed the maser as an alternative radiation mechanism for type III solar radio bursts with sources embedded in active regions characterized by strong magnetic field; 11 Bingham et al. analyze cyclotron maser radiation from astrophysical shocks; 12 Begelman et al. suggest the maser as a possible emission mechanism for blazar jets. 13 In the present discussion, we consider the maser excitation at a quasiperpendicular collisionless shock ͑see Ref. 12 for a related discussion͒. The traditionally invoked radio emission mechanism is the Langmuir wave-induced plasma emission for which the free energy source is the electron beam. However, as recent Cluster satellite observation at the Earth's bow shock shows, high-frequency electromagnetic fluctuations within the shock layer itself are primarily correlated with the loss-cone free energy source rather than the beam.
14 That the quasiperpendicular shock is characterized by the loss-cone ͑or more generally loss-cone plus the beam, also known as the "ring-beam" distribution͒ can be understood from the physics of quasiperpendicular collisionless shock waves. [15] [16] [17] [18] Observations show that the energetic electrons and intense electromagnetic waves are generated at the quasiperpendicular shock. [19] [20] [21] [22] A number of papers on the topic of shock-acceleration of energetic particles can be found in the literature. [23] [24] [25] [26] [27] [28] [29] Waves associated with quasiperpendicular shocks are extensively discussed on the basis of observations made near the Earth's bow shock 30, 31 in which the plasma frequency,
, is approximately two orders of magnitude higher than the electron gyrofrequency, f c = eB /2m e c. Here e, m e , c, n, and B are standard symbols representing the unit charge, the electron mass, the speed of light in vacuo, the number density, and the ambient magnetic field intensity, respectively. The ratio f p / f c plays a crucial role in the theory of maser instability. For Earth's bow shock, f p / f c ϰ O͑10 2 ͒. In the low solar corona, on the other hand, this ratio can be on the order of O͑1͒ to O͑10͒. In the present discussion we are particularly interested in the high frequency electromagnetic waves emitted by the reflected electrons with the source re- gion inside the shock layer itself as well as the immediate surrounding such as the upstream region. If one is sufficiently far away from the shock surface, then the reflected electrons may be largely characterized by the beam feature. On the other hand, if one is interested in the immediate vicinity of the shock layer, then the proper model of the reflected electrons must be a ring-beam. The ring feature of the energetic electrons leads to the emission of cyclotron maser modes, and it is the purpose of the present discussion to address this issue. References 9 and 14 also discuss similar problems, but their discussions are limited to either the Earth's bow shock or interplanetary shock with high f p / f c . In particular, Ref. 14 is restricted to the electrostatic approximation.
In Sec. II, we discuss the basic physics of the quasiperpendicular shock and introduce the cold ring-beam model of electron distribution function. We then formulate the cyclotron maser linear instability theory based upon the ring-beam electron model distribution. Numerical solutions of the maser instability growth rate will be presented in Sec. III over a range of physical parameters. Finally in Sec. IV, a discussion is given on the implications of the results for actual applications including the coronal type II radio bursts.
II. BASIC CONSIDERATIONS AND PHYSICAL MODEL
In what follows, we work in the de Hoffmann-Teller ͑HTF͒ frame 32 moving with a velocity along the shock front such that the upstream flow velocity v s becomes parallel to the upstream magnetic field and its magnitude is given by v s = v 1 / cos nB , where v 1 denotes the upstream flow velocity in the normal incident frame ͑NIF͒. Here nB stands for the angle between the shock normal n and the upstream magnetic field B 1 . Quasiperpendicular shock refers to the situation where nB is close to 90°. The normal incident frame ͑NIF͒ is another reference frame moving with a constant velocity along the shock surface in which the upstream flow velocity is normal to the shock surface. It should be noted that the NIF is not a convenient frame for the study of instabilities that may occur inside the shock layer since in this frame the linear stability analysis should take the dc electric field induced by the plasma motion normal to the shock surface into account. The essential advantage of working in HTF is that the induced dc electric field vanishes.
For a nearly perpendicular shock the magnitude of v s in HTF is much higher than v 1 . Because of the magnetic field gradient within the shock layer, a small fraction of the upstream electrons that are outside the loss cone in velocity space would be reflected by the magnetic mirror effect. Here we note that although the reflected electrons maintain the same flow velocity along the field line before and after the reflection in HTF, they are considerably energized in the laboratory frame. Such a process may be called the fast Fermi acceleration 24 or shock drift acceleration. Two essential points should be made. First, in principle, the speed v s can be infinitely high when nB approaches /2, although in reality a meaningful number of reflected electrons can be found only when v s is not too high so that there are enough electrons outside the loss cone. Second, it is implicit in the discussion of the reflection process that the electrons are moving adiabatically in the shock layer. This assumption is justified since electron gyroradii are usually small in comparison to the shock thickness.
Let us now focus our attention to the reflected electrons in HTF. As shown in Fig. 1 , the upstream electrons and the reflected electrons are both moving along the field line with the same speed v s in HTF. Of course, the parallel velocity of the reflected electrons along the magnetic field line is zero just near the reflection point such that the reflecting electrons in the vicinity of the peak magnetic field are basically a ring distribution in HTF. However, it is necessary to point out that the core electrons ͑or the background electrons͒ are not reflected and maintain approximately the same speed v s moving along the same direction as the motion of the upstream electrons in HTF. If we denote the thickness of the shock layer by L s , the typical time for the plasma to pass through this layer is
where v i is the upstream velocity and ⍀ i is the proton cyclotron frequency. If we restrict our discussion to a time scale much shorter than , then we may treat the plasma in the shock as if it is homogeneous. We postulate that this condition would be satisfied under some constraint, and later justify it. Thus, if we are working in the plasma frame within HTF, the more appropriate model of the reflected electron distribution would be a ring-beam, 
where n r is the density of the reflected electrons, and p 12 However, for the sake of simplicity, we adopt the above model. Physical justification for such a model is that the upstream velocity v s in many applications is much higher than the electron thermal speed. Hereafter, we postulate that the wavelength is much shorter than the shock layer thickness, so the plasma can be considered as quasiuniform. The distribution function for the core electrons may be described by
͑2͒
Assuming that the ambient magnetic field vector is directed along the z axis and that the wave vector lies in the xz plane at an angle with respect to the magnetic field vector, the x axis is in the shock normal direction, and the general form of the linear wave dispersion relation can be expressed in terms of the dielectric tensor elements ⑀ ij and the index of refraction N = ck / as follows:
The dielectric tensor ⑀ ij is comprised of the vacuum term ␦ ij and the plasma part represented by the susceptibility tensor ij , which is in turn made of two parts, one from the core electrons ͑denoted by subscript 0͒ and the second part from the reflected electrons ͑with subscript r͒:
Since the cold electron contribution to ij can be considered as a special case of ij r when n r is simply replaced by n 0 and when p 0 is set equal to zero, we henceforth consider only the reflected electron contribution to ij . Defining the total plasma frequency p = ͱ 4n t e 2 / m e , where n t = n r + n 0 is the total density; the electron gyrofrequency c = eB / m e c; the relativistic mass factor ␥ =1/͑1−␤ Ќ 2 − ␤ ʈ 2 ͒ 1/2 , where ␤ Ќ = p Ќ0 / m e c␥ and ␤ ʈ = p ʈ0 / m e c␥; we have ͑see e.g., Ref. 33͒
where
In the above, the quantities ⍀ p and ⍀ c are relativistic plasma frequency and electron gyrofrequency, defined respectively by ⍀ p 2 = p 2 / ␥ and ⍀ c = c / ␥, and J s ͑b͒ is the Bessel function of the first kind of order s. The off-diagonal elements satisfy the Onsager relation, yx r =− xy r , zy r =− yz r , and zx r = xz r . The dielectric susceptibility associated with the cold background component can be obtained from the above by simply taking ␤ Ќ =0=␤ ʈ and replacing n r by n 0 ,
͑7͒
all other elements being zero. In what follows, let us pay attention to the propagation angle = 90°. We are mainly interested in the radiation roughly parallel to the shock normal angle since the radiation propagating along the shock layer may not be observable. We also assume that the number density associated with the reflected electrons is much smaller than the background electrons ͑n r n 0 ͒ such that the wave dispersion relation is largely determined by the background component. Under these assumptions, the wave dispersion relations for plasma normal modes are easily obtained in terms of either the ordinary ͑O͒ or fast/slow extraordinary ͑X/Z͒ modes. To compute the growth rate of the reactive ring-beam maser instability, we simplify the analysis by first retaining only those terms in ij r that are inversely proportional to d s 2 . Then, we impose the single-harmonic approximation and retain only the sth harmonic term in the infinite harmonic series. Thirdly,
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we assume that the given wave mode simultaneously satisfies the resonance condition = s⍀ c and either the O-mode or X/Z-mode dispersion relation, = O or = X/Z , where O and X/Z are defined, respectively, by
The growth rate of the instability in the vicinity of the intersection between the cyclotron resonance = s⍀ c and the background dispersion relation = O or = X/Z can be computed if we allow a small deviation from the exact value , i.e., if we let → + ␦ and solve for ␦. Interpreting the imaginary part of ␦ as the growth rate, Im͑␦͒ϵ␥, one arrives at the expressions for the O-mode instability growth rate,
where s must satisfy the condition s Ͼ ␥ p / c in order for b s to be positive and real, and the X/Z-mode instability growth rate,
In the above, we must ensure that b s remains positive and real. If a given mode number s violates this constraint, then we exclude such an s in the numerical computation. The mode designation of either X or Z depends on whether the wave frequency is on the fast extraordinary branch or the slow branch, and whether the wave is super-or subliminal ͑meaning slower than light speed͒. Specifically, the fast X mode must satisfy the conditions
while the slow Z mode must satisfy
Of course, the maser instability driven by a ring or ring-beam distribution of energetic electrons have been discussed before, [34] [35] [36] [37] [38] but the previous analyses were concerned with the situation where ␣ = f p / f c = p / c is sufficiently less than unity. The primary motivation for the discussions found in the above references was on AKR and the special case of type III solar radio busts problem where ␣ = p / c 1. In contrast, the present discussion considers a wide range of the parameter ␣.
III. NUMERICAL RESULTS
In the numerical analysis we consider the energy of the reflected electrons such that ␥ Ϸ 1.05. We discuss the behavior of the ring-beam maser instability for O, X, and Z modes. Since the growth rates for these modes are simply proportional to the third power of the density ratio n r / n 0 , we discuss the numerical results in terms of the normalized growth rate ⌫ = ͑n 0 / n r ͒ 1/3 ͑␥ / c ͒. Once ␥ is determined, then the growth rates for the plasma eigenmodes are entirely determined by two other input parameters, namely, ␣ = p / c and A ϵ ␤ ʈ / ␤ Ќ . We vary ␣ in the range 0 Ͻ ␣ Ͻ 8 and we consider the anisotropy factor in the range 0 Ͻ A Ͻ 2. When A = 0, the distribution is a pure ring, while A = 1 represents ␤ Ќ = ␤ ʈ .
In Fig. 2 we plot the normalized O-mode growth rate ⌫ = ͑n 0 / n r ͒ 1/3 ͑␥ O / c ͒ versus ␣ = p / c and the anisotropy factor A = ␤ ʈ / ␤ Ќ , for ␥ = 1.05. A logarithmic vertical scale is employed. Figure 2 shows that O-mode growth rate vanishes for a pure ring distribution ͑A = ␤ ʈ / ␤ Ќ =0͒, but for a wide range of anisotropy factor A and for a broad range of ␣ = p / c , multiple harmonic O-mode maser instability are excited ͑shown here are six lowest harmonics of O-mode designated by O1, O2, . . ., O6͒, although for increasing value of ␣, the O-mode growth rate gradually diminishes. Each harmonic On, where n =1,2,3, ... ,6, represents the O-mode with the frequency in the close vicinity of the nth harmonic electron cyclotron frequency. Figure 3 displays the normalized X-mode growth rate ⌫ = ͑n 0 / n r ͒ 1/3 ͑␥ X / c ͒ versus ␣ = p / c and A = ␤ ʈ / ␤ Ќ , for the same value of ␥ = 1.05. Again, the logarithmic vertical scale is employed. According to Fig. 3 , the fundamental X-mode ͑X1͒ is not excited but second and higher harmonics are excited for all ranges of A ͑here we plot up to the eighth harmonic͒. Unlike the O-mode, however, the X-mode maser 
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Yoon, Wang, and Wu Phys. Plasmas 14, 022901 ͑2007͒ growth rate maximizes for A = ␤ ʈ / ␤ Ќ = 0 for a given value of ␣. Again, multiple harmonic X-modes are excited over a broad range of the frequency ratio ␣. In general, the X-mode maser has a higher growth rate than the O-mode maser.
For both O-and X-modes, the growth rate of the fast electromagnetic waves eventually diminishes when ␣ becomes sufficiently high. However, the slow extraordinary mode known as the Z-mode is not affected by the increasing plasma density. The Z-mode excitation is enhanced when the upper-hybrid frequency uh = ͑ p 2 + c 2 ͒ 1/2 and the nth harmonic relativistic electron cyclotron frequency ⍀ = n c / ␥ coincide. As Fig. 4 shows, the growth rate of the Z-mode branch is periodically enhanced each time the condition uh Ϸ n c / ␥ is satisfied. Of course, the Z-mode cannot escape directly from the source region, but as is well-known in ionospheric physics, the slow Z-mode can escape in the form of O-mode radiation through the linear mode conversion process involving the Ellis window mechanism. 39, 40 Another possible mechanism for radiation involving the Z-mode is nonlinear three-wave emerging of oppositely traveling Z modes producing electromagnetic radiation at twice the upper-hybrid frequency.
41

IV. CONCLUSIONS AND DISCUSSION
The objective of the present research is to study a cyclotron maser instability that occurs at a quasiperpendicular shock wave. The research is motivated by the coronal type II solar radio emission, which is usually associated with solar coronal mass ejection. As generally discussed in the literature, the consensus is that the source of the observed radiation is situated inside the shock layer and its immediate upstream region. It is well known that the dynamic spectra of type II emission often exhibit herringbone and backbone structures. Researchers believe that the herringbone part is due to energetic electrons in the upstream region streaming toward higher and lower field. This picture can be envisioned if we consider a bow shock interacting with the upstream magnetic field and generating energetic electrons beaming downward and upward near the point of tangency. One may argue that the usual "plasma emission" mechanism might explain the emission. However, it is difficult to conceive that such an emission mechanism could be applied to explain the backbone part of the dynamic spectrum. To our knowledge, the issue is still not resolved.
It is important to remark that we do not claim that we have completely explained the emission mechanism of type II solar radio bursts. We only intend to point out that the cyclotron maser mechanism is a candidate that should not be overlooked. There are several advantages: ͑1͒ it does not rely on sophisticated multistep nonlinear processes while it yields direct amplification of radiation, ͑2͒ it operates in plasmas with strong ambient magnetic field, ͑3͒ it is able to explain the backbone and herringbone emissions within the same context, and ͑4͒ the physical origin of the ring-beam electrons, which are crucial for the maser mechanism is well understood.
In the present paper emphasis is placed on the analysis of maser instability due to a small population of fast electrons which possess a ring-beam distribution. As is well known, in the discussion the ratio of the plasma frequency to the electron gyrofrequency, f p / f c , plays an essential role in the analysis. We have shown that the fast extraordinary ͑X͒ mode, ordinary ͑O͒ mode, as well as slow extraordinary ͑Z͒ mode are excited over a wide range of the ratio of plasma frequency to electron gyrofrequency f p / f c and for a range of beam-to-ring anisotropy factor A = ␤ ʈ / ␤ Ќ . The condition ␤ ʈ ϳ ␤ Ќ characterizes the inside of the shock layer, while ␤ ʈ ␤ Ќ is appropriate for the upstream region. If we consider the loss cone angle Ϸ 30°, then the upstream value of A = ␤ ʈ / ␤ Ќ in HTF is about ͱ 3. However, in the plasma frame A should be higher. In short, although we have considered the range of A from 0 to 2, from the standpoint of practical application to low coronal type II source, we should bear in mind that only those portions corresponding to A Ͼ 1 is of relevance.
For relatively low values of f p / f c , say f p / f c below ϳ1, fundamental O mode ͑O1͒, second-harmonic X mode ͑X2͒, 
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as well as fundamental Z mode ͑Z1͒ are excited. For f p / f c between ϳ1 and ϳ2, the most dominant wave modes are second harmonic O mode ͑O2͒ and third harmonic X mode ͑X3͒. Then over a range ϳ2 Ͻ f p / f c Ͻ ϳ 3 or so, the fastest growing modes are O3 and X4, etc. In this manner, one can see that the present discussion predicts excitation of both O and X modes over a wide range of f p / f c . However, when f p / f c is sufficiently high, say f p / f c Ͼ ϳ 4 to 5, the excitation of fast waves eventually subsides.
Here we remark that the analysis as well as the numerical results concerning growth rate discussed in the preceding paragraphs are based upon a model in which we have invoked the approximation that the plasma is homogeneous. Let us now define a threshold value ⌫ 0 such that
where m e and m p denote electron and proton masses, respectively. It is clear that our theoretical discussion is meaningful only for the case in which the normalized growth rate ⌫ is much greater than this threshold value. For example, in the case n 0 / n r Ϸ 10 3 , the threshold value is ϳ10 −2 . On the basis of the above discussion growth rate of any mode with ⌫ Յ 10 −3 are insignificant and misleading. For this reason, we had eliminated all higher harmonic O and X mode whose normalized growth rate ⌫ is less than 10 −3 . In contrast to fast O and X modes, the upper-hybrid Z mode waves are continuously excited for high values of f p / f c . The Z-mode excitation occurs intermittently as f p / f c increases, however. The instability of Z mode takes place only when the upper-hybrid matching condition f uh = nf c is met. The implication is that the Z-mode emission will be inherently structured. This finding may be highly relevant to the so-called herringbone emission structure of the solar type II bursts.
The escape of Z mode to O mode radiation may occur as a result of the Ellis radio window mechanism, which is a linear mode conversion process. The nonlinear conversion of two oppositely traveling Z modes may produce electromagnetic radiation at twice the upper-hybrid frequency. The traditional interpretation of the bow shock radiation is the beam-driven Langmuir waves that partially convert to electromagnetic radiation by means of either the linear or nonlinear mode conversion process. 42 The present study shows that in the presence of perpendicular free energy source, i.e., the ring feature, the quasiperpendicular propagation of the Z-mode maser may also come into play and compete with the Langmuir waves over the available free energy. In short, in the study of radio emission at the quasiperpendicular shock wave, it is important to consider the detailed phase space information of the energized electrons into theoretical discussion of the instability.
